Zellweger syndrome (ZS), a neonatal lethal disorder arising from defective peroxisome biogenesis, features profound neuroanatomical abnormalities and brain dysfunction. Here we used mice with brain-restricted inactivation of the peroxisome biogenesis gene PEX13 to model the pathophysiological features of ZS, and determine the impact of peroxisome dysfunction on neurogenesis and cell maturation in ZS. In the embryonic and postnatal PEX13 mutant brain, we demonstrate key regions with altered brain anatomy, including enlarged lateral ventricles and aberrant cortical, hippocampal and hypothalamic organization. To characterize the underlying mechanisms, we show a significant reduction in proliferation, migration, differentiation, and maturation of neural progenitors in embryonic E12.5 through to P3 animals. An increasing reactive gliosis in the PEX13 mutant brain started at E14.5 in association with the pathology. Together with impaired neurogenesis and associated gliosis, our data demonstrate increased cell death contributing to the hallmark brain anatomy of ZS. We provide unique data where impaired neurogenesis and migration are shown as critical events underlying the neuropathology and altered brain function of mice with peroxisome deficiency.
Introduction
Zellweger syndrome (ZS) is a severe neonatal disease caused by mutations in peroxisome biogenesis (PEX) genes which lead to loss of peroxisome biogenesis and peroxisomal metabolic function. ZS is a multi-system disorder with a prominent neurological component that features both neurodevelopmental deficits and neurodegeneration (Wilson et al., 1986) . Brain abnormalities in ZS subjects, are generally considered to reflect neurodevelopmental defects, include growth retardation during embryonic stages, and neuronal migration defects that result in abnormal cerebellum gyration and cerebral cortex structure (Powers and Moser, 1998) . These abnormalities are believed to reflect the importance of peroxisomes in brain development (Faust et al., 2005; Baes et al., 1997) . In support of this premise, peroxisome abundance is high at neurite terminals of differentiating neurons during development, suggesting a role in neurite growth and synapse formation (McKenna et al., 1976; Arnold and Holtzman, 1978) .
Peroxisomes play a role in the synthesis of plasmalogens, and therefore contribute to membrane stability and second messenger function, as well as being a major component of myelin sheaths (Brites et al., 2004) , and docosahexaenoic acid (DHA), which has a significant role in neurotransmission, fine synaptic remodeling, and calcium homeostasis (Salem et al., 2001; Chapkin et al., 2009 ). These compounds also protect neurons from oxidative damage by scavenging reactive oxygen species (Braverman and Moser, 2012; Yavin et al., 2002) . Peroxisomes are proposed as producing anti-inflammatory mediators in the brain (Farooqui, 2012; Farooqui et al., 2007) inferring a role in protecting newly differentiated neurons against oxidative stress and inflammation. Notably, despite these multiple roles for the peroxisome in brain physiology, it remains unclear how peroxisome deficiency causes the neuropathology of ZS. PEX genes are required for the import of matrix and membrane proteins into the developing peroxisome (Distel et al., 1996; Gould and Valle, 2000) . Mouse models of ZS have been generated by ubiquitous disruption of genes involved in peroxisomal matrix protein import-PEX2 (Faust and Hatten, 1997) , PEX5 (Baes et al., 1997) , and PEX13 (Maxwell et al., 2003) . These mutants have ZS-like phenotypes that feature early neonatal death, neurological dysfunction, and associated peroxisomal metabolic dysfunction.
To address ZS brain pathogenesis specifically, longer surviving PEX2 and PEX5 mutants (Faust, 2003; Faust and Hatten, 1997; Dirkx et al., 2005) , and mouse mutants with brain-restricted PEX gene deficiency, have been examined. These studies have demonstrated that PEX gene deficiency leads to prominent neuronal migration defects, abnormal cerebellum and cerebral cortex cytoarchitecture, demyelination, inflammation, and motor dysfunction (Hulshagen et al., 2008; Krysko et al., 2007; Bottelbergs et al., 2012; Muller et al., 2011; Janssen et al., 2000) .
The present study focuses on mouse mutants in which PEX13 is selectively deleted in of all neuronal lineage cells (PEX13 brain mutant). PEX13 brain mutants have been previously shown to have abnormal neurodevelopmental features that include altered Purkinje cell differentiation and the formation of the granule cell layer in the cerebellum (Muller et al., 2011) . More recently we have also demonstrated significant deficiency of the serotonergic system in these mutants (Rahim et al., 2014) . Importantly, PEX13 mutations in humans give rise to clinical phenotypes in the Zellweger spectrum (Shimozawa et al., 1999; Liu et al., 1999) , thus PEX13 brain mutants provide a valid animal model to address the neurodevelopmental changes of ZS.
In the present investigations, we used the PEX13 brain mutants to investigate the effect of PEX13 deficiency on neurogenesis, differentiation and migration, and associated pathophysiological and anatomical changes. Our findings indicate significant changes to neurogenesis and neuronal migration, and concomitant gliosis together with increased cell death, which in toto may provide an explanation of the mechanisms underlying the brain pathophysiology of ZS.
Methods and materials

Generation of PEX13 brain mutants
Animal breeding and experimentation were approved by the Griffith University Institutional Biosafety Committee (NLRD/21/07) and the Griffith University Animal Ethics Committee (BBS/02/09/AEC; ESK/ 03/13/AEC), respectively.
Brain-specific disruption of PEX13 was achieved using Nestin-Cre transgenic mice (Nes-Cre/+) in which Cre recombinase is expressed in cells of neuronal lineage under the control of the nestin promoter and intron 2 enhancer (Tronche et al., 1999; Zimmerman et al., 1994) . To produce sufficient excision, PEX13 heterozygotes (PEX13 Δ/+ ) were crossed with Nes-Cre/+ transgenic mice to generate Nes-Cre, PEX13 Δ/+ mice. These mice were then crossed with PEX13 flox/flox mice to generate mice with brain-specific disruption of PEX13 (PEX13 Δ /flox Δ mice, or, simply, PEX13 brain mutants). Because this breeding strategy does not generate wild-type progeny, we have designated 'effective' wild-type (WT) animals as those animals that exhibit no disease phenotype and carry one wild-type allele and one PEX13 flox allele (but no Cre transgene); these animals were treated as littermate controls (and designated as WT mice) for these studies. PEX13 gene disruption was assessed using PCR of mouse brain genomic DNA. To support the DNA analyses, PEX13 protein deficiency was confirmed by immunofluorescence staining of brain tissue sections using the antibody to PEX13.
EdU labelling, tissue harvesting and processing
To determine cell proliferation in embryos and postnatal pups, 5-ethynyl-20-deoxyuridine (EdU), dissolved in Dulbecco's phosphate buffered saline (D-PBS), was injected into time-mated pregnant mice at a dose of 50 mg/kg body weight, to label the DNA of dividing cells in the developing brain. For the analysis of neurogenesis, two pregnant dams at each of the embryonic stages E12.5, E14.5 and E18.5 received a single intraperitoneal injection of EdU. The dams were sacrificed 4 h following the EdU injection, as described a terminal dose of a ketamine/xylazine mixture (80 mg/kg body weight ketamine/10 mg/kg body weight xylazine) was administered via intraperitoneal injection, the embryos removed through midline abdominal section, and the embryonic brains drop-fixed in Zambonie's fixative overnight under vacuum. Two litters of mice at postnatal stage P0 similarly received a single intraperitoneal injection and were sacrificed 4 h later.
To evaluate postnatal cell migration, we injected four cohorts of P0 pups with EdU (50 mg/kg i.p.) at birth. Brains from two of these cohorts were harvested after 4 h (designated P0) and the remaining two cohorts after 3 days (designated P3). The pups were perfused transcardially with 10 mM phosphate-buffered saline, pH 7.4 (PBS) containing 0.5% sodium nitrite to flush out the blood, followed by perfusion with modified Zambonie's fixative reagent (2% paraformaldehyde, 0.2% picric acid, 0.1 M PBS, pH 7.2). The brains were subsequently removed and placed overnight in the same fixative under vacuum at room temperature.
To calculate serotonergic neurogenesis and cell specification in postnatal stages, we applied three EdU experimental strategies: (1) to label serotonergic progenitors cells: EdU was injected at E9.5-E10.5 stage (in mice, progenitors give rise to serotonergic neurons in the ventral rhombencephalon between E9.5 and E11.5 stages (Deneris and Wyler, 2012) ) and harvested at the P0 stage; (2) To label cells that undergo division during serotonergic cell specification:EdU was injected at embryonic stages E12.5 and E14.5 and the brains harvested after 4 h; (3) to label cells at the end of serotonergic neurogenesis: EdU was injected at E12.5-E13.5 (end of serotonergic neurogenesis) and harvested at the P15 stage; the P15 animals were perfusion-fixed as above and the brains harvested.
Brain tissue was collected and processed for cryosectioning using O.C.T. compound (Tissue-Tek; Sakura Finetek, USA, Inc.) embedment using a sucrose gradient as described previously (Norazit et al., 2011; Nguyen et al., 2010) . Brains were mounted in 100% OCT and sections were cut on a cryostat at a thickness of 20-40 μm and mounted on superfrost slides. E12.5 to E18.5 embryonic stages for sectioning were selected using a prenatal mouse brain atlas (Schambra, 2008) . The Paxinos rodent brain atlas was used to select sections from P0 and P15 stages (Paxinos and Franklin, 2001) . Immunofluorescence analysis of neurodevelopmental events-neurogenesis, proliferation, differentiation, migration and cell specification-a minimum 10 sections were selected at periodic intervals from the ventricular zone (VZ) area at embryonic stages E12.5 and E14.5, and from the sub-ventricular zone (SVZ) at E18.5 and P0. For serotonergic cell specification analysis, a minimum of 10 sections were selected from the isthmus region at each stage (E12.5, E14.5, P0 and P15).
EdU click chemistry and immunofluorescence analysis
For the EdU click chemical reaction, brain sections were treated as described earlier (Chehrehasa et al., 2009 ): brain sections were permeabilized with 0.2% Triton X-100/PBS (wash buffer) for 20 min then incubated with 100% DMSO for 15 min at room temperature, followed by further washes with washing buffer to remove DMSO. Brain sections were then incubated with Click-iT reaction master mix for 45 min in the dark. For immunostaining, Click-iT reaction master mix was removed and the sections washed with buffer for 30 min and incubated in blocking buffer (PBS/0.1% Triton X-100 containing 10% donkey serum (v/v)) for 1 h at room temperature to block non-specific tissue binding sites. Multiple combinations of primary antibodies were used: mouse anti-GFAP, (1:800,Sapphire Biosciences); rabbit anti-GFAP, (1:800, Merck-Millipore); rabbit anti-Iba-1, (1:2000, Wako Chemicals); goat anti-Iba-1, (1:500, Abcam); goat anti-TPH2, (1:750, Everest Biotech); rabbit anti-Tph2, (1:750, ThermoFisher Scientific, Inc. Rockford, IL, USA); rabbit anti-β-III tubulin (or Tuj-1), (1:1000, ThermoFisher Scientific); mouse anti-NeuN, (1:100, Merck-Millipore); rabbit anti-Ki67,
(1:200, Cell Signalling Technology); and rabbit anti-cleaved caspase3, (1:400, Cell Signalling Technology). Antibodies were diluted in blocking buffer and incubated with sections overnight at 4°C. Sections were then washed a minimum of four times in PBS/Triton and incubated with the appropriate Alexa Fluor-conjugated secondary antibodies and Hoechst nuclear marker diluted in PBS/Triton, for 3 h at room temperature-donkey anti-rabbit 488 or 594 (1:400; Life Technologies); donkey anti-goat 594 or 488 (1:400, Invitrogen); donkey anti-goat 650, 1:50 (Abcam); donkey anti-mouse 594 (1:800; Life Technologies). After incubation with secondary antibodies, the sections were washed in PBS/Triton and mounted using DAPI anti-fade mounting media (Vectashield) and cover-slipped.
Image acquisition
Images were acquired using an Olympus FV1000 laser scanning confocal microscope (Olympus). For cell morphology and cell-cell contact analysis Z-stack images of 0.1-0.2 μm optical planes were acquired. For comparison of immunofluorescence intensity, images were captured using constant image-acquisition parameters. For brain morphology, total cell count and cell distributional analysis, images were also captured at lower magnifications (4 × and 10 ×) using constant image-acquisition parameters on an Olympus FV1000 confocal microscope and a Olympus BX50 microscope with a SPOT camera (Diagnostic Instruments). Z-stack images were further processed and analyzed using ImageJ software. Figures were assembled using Inkscape software.
Analysis of brain morphology
For gross morphological analysis of the whole brain of embryos and postnatal stage animals, images were captured and brain size was measured using longitudinal dimensions with the scaling option in FV1000 microscope and Inkscape software. For other morphological parameters i.e. cerebral cortex thickness and lateral ventricle distensions, brain samples were sectioned as 20-40 μm thick serial coronal sections through the anterior telencephalon, immediately mounted onto superfrost slides (Thermo Scientific), and stained with 1% w/v Nissl stain to allow matching of sections through reference to the prenatal mouse brain atlas for embryonic stages and the Paxinos rodent brain atlas for postnatal stages. Cell nuclei in all sections were stained using 1.5 μg/mL DAPI anti-fade mounting media (Vectashield) (Ka et al., 2014) . Images were captured at 4× and 10 × using an Olympus BX50 microscope and SPOT camera or an Olympus FV1000 confocal microscope. Neocortical thickness was calculated from the corticostriatal edge to the dorsomedial tip beside the lateral ventricle.
Cell identification and quantification
For all quantifications, comparisons between WT and mutants used z-stacks of the same depth. Quantification of general neurogenesis/ progenitor proliferation, neuronal and glial differentiation were carried out by counting total numbers of EdU labelled cells and Ki67, Tuj-1, GFAP and Iba-1 immunoreactive cells, respectively. Cells were counted in 20 μm thick brain sections with 200 μm periodic intervals throughout the whole telencephalon volume. Further z-stacks images with 0.1-0.2 μm thin optical slices were captured at 10× magnification, a confocal microscope and then analyzed using ImageJ software (National Institutes of Health, Bethesda, USA; ITCN plugin).
EdU labelling and Ki67 immunolabelling were used to assess cell proliferation dynamics. Cells were counted from the VZ to the cortical plate (CP) across the entire section, and in the SVZ. Cell counts per mm 2 area were estimated separately at higher magnification using a cell counter (ImageJ ITCN plugin).To evaluate the stage of differentiation of progenitors into neurons, the total number of Tuj-1 + cells (marker of differentiating neurons) relative to the total number of cells (DAPI labelled nuclei) in the VZ to the CP area were measured. Similarly, EdU +/Tuj-1 + cells (indicating newborn progenitors directly differentiated into neurons) and EdU+/Tuj-1 − cells (indicating the number of intermediate progenitors, neuroblasts or glia) were counted.
For serotonergic neurogenesis and cell specification analyses, the total number of EdU-labelled cells were counted to determine the number of progenitors undergoing cell division at E9.5-E10.5 stage; time of EdU pulse and the number that had migrated to the midbrain at the P0 stage (time of harvest) using 4× images of the midbrain region, using ITCN plugin. In addition, the number of EdU+/TPH2 + cells as a proportion of the number of TPH2 + cells at the isthmic part of dorsal raphe nucleus (isDRd) and reticular tegmental nucleus of the pons (RtTg) area of the isthmus were counted to estimate serotonergic cell genesis during the EdU pulse period. At P15 stage, the number of TPH2+/NeuN + cells was counted to measure the number of serotonergic progenitors which had differentiated into mature neurons and migrated towards the midbrain raphe nuclei (at least 10 sections per animal; n = 3 animals for both wild-types and PEX13 brain mutants of all neurodevelopmental and postnatal stages).To estimate the level of apoptosis at each stage (E12.5, E14.5, E18.5 and P0), the total number of apoptotic cells (labelled with CC3 antibody and having a nucleus with pyknotic appearance) were counted for the VZ and isthmus regions, using ImageJ.
Analysis of gliosis and glial morphology in early development
For the estimation of neuroglial cell proliferation and neural progenitor differentiation into non neuronal cells, EdU+/GFAP + cells and EdU +/Iba-1+ cells per mm 2 area were counted in the VZ/SVZ, meninges and dentate gyrus (DG) areas at high magnification by means of a cell counter (ImageJ plugin). Glial morphology was analyzed from Z-stacks images of the SVZ and DG areas at 60× (oil immersion objective; na 1.4) using the confocal microscope. In this analysis microglia were categorized as "resting", "activated", or "phagocytic" using previously described criteria (Norazit et al., 2011; Kreutzberg, 1996) . The thickness of astroglial processes and their immunofluorescence intensity were also analyzed using ImageJ (6 sections per animal).
To evaluate glial interactions with apoptotic cells, we scored microglia-enfolded cells with evidence of phagocytosis (dead cellular components i.e. pyknotic nuclei fragment in microglial cytoplasmic pouch). For these analyses, coronal sections of the telencephalon were immunostained with GFAP (astrocyte marker), Iba-1 (microglial marker), cleaved caspase-3 antibody (apoptosis marker), EdU (to label S-phase DNA) and DAPI (to label nuclei). Z-stack images were captured of 0.25 μm thick series of 100 optical slices using the 60× oil immersion objective, and upper and lower threshold levels were estimated by means of the spatial Image series setting. Further Z-stack images were reconstructed in 3D using Imaris Bitplane Scientific Software (Zurich, Switzerland). Glial cell Interactions with apoptotic cells or progenitors were defined by the co-localization of two fluorophores, such as Iba-1 and cleaved caspase-3 in 0.25 μm-thick optical slices.
We assessed the number (per mm 2 area) of glial interactions with, and phagocytosis of, apoptotic cells and EdU labelled apoptotic cells in each section for each embryonic stage: A, EdU labelled cells or apoptotic cells encircled with microglial processes either loosely or tightly; B, microglia-phagocytosed apoptotic cells (pyknotic appearance on DAPI staining) within a microglial cytoplasmic pouch; C, microgliaphagocytosed EdU-labelled cells, or EdU labelled DNA fragments observed in microglia cytoplasm.
Analysis of cell migration and distribution of progenitor cells
For comparative analysis of radial and tangential migration, two areas of the SVZ were selected-the dorsal roof (drSVZ) to measure glial proliferation, and the dorso-lateral region (dlSVZ) to measure neuronal progenitor proliferation. Fluorescence and differential interference contrast (DIC) microscopic images were captured at 40× on matched sections of the SVZ area of the telencephalon of P3 and P0 animals, using the confocal microscope with a set exposure time. For comparative analysis of progenitor migration from the SVZ to the intermediate zone (IZ) for stage P0 (4 h EdU exposure) animals and P3 animals (injected at P0 and harvested after 3 days), the number of EdU+ migratory progenitor cells (Rakic, 1985; Ono et al., 1997) were counted for the SVZ using ImageJ software and the ITCN plugin. Distributional analyses of proliferating and migrating cells were estimated by counting the number of EdU+ cells in the VZ and the SVZ/IZ at each stage. For migration analysis at postnatal stage P15, two pregnant dams were injected with EdU at E12.5-E13.5 stages and harvested as P15. EdU was labelled with Alexa fluor 488 and the number of EdU + cells was counted in an area of 450 μm by 450 μm across the cortex, which was divided into six equal width counting regions (a-f), with the length of cortex identified using DAPI staining (Ka et al., 2014) .
Densitometric measurements
To measure immunofluorescence intensity for GFAP, EdU, and Tuj-1 antibodies staining in the telencephalon of the brain, images were captured using constant image acquisition parameters to allow comparison of matched specimens, and fluorescence intensity was quantified using ImageJ following conversion to grey scale. Background fluorescence was set on a region lacking detectable fluorescence.
Statistical analyses
Statistical comparison between groups (wild-type vs brain mutant) was carried out using the Student's t-test.
Results
PEX13 brain mutants display abnormal gross brain anatomy
We analyzed gross anatomical changes of the brain over a range of developmental periods from early to late embryonic stages (E12.5, E14.5 and E18.5), at P0, and at P15. We also analyzed nuclear (DAPI) stained sections of brain regions identified as the primary neurogenic zones i.e. cortical ventricular zone(VZ)/neuroepithelium of neocortex in embryonic stages, and the sub-ventricular zone (SVZ) and the dentate gyrus (DG) in postnatal stages (Altman, 1969; Altman, 1963) , over these same periods to assess gross morphological changes. The brains of the mutant mice were significantly smaller than those of wild-type mice at all stages tested (Fig. 1a, b) .
The mutants also showed a reduction in the size of the olfactory bulbs (Fig. 1a) . Analysis of matched DAPI-stained sections (Fig. 1c ) indicated further changes: substantial enlargement of the most frontal aspects of the cortex at E14.5-becoming less evident at E18.5 and P0-and enlarged lateral ventricles in the telencephalon area from the E14.5 stage through to the P0 stage (Fig. 1c) , and up to P15 (data not shown). We also measured the thickness of the cerebral cortex. In wildtype animals, cortical thickness, analyzed using serial sections, gradually increased more laterally. In contrast, cortical thickness for the mutants was irregular along the mediolateral axis of the neocortex, i.e. very thin dorsally, but thicker at the lateral side (Fig. 1c, d ), suggesting disorganization of the telencephalon area. Dilatation of ventricles and apparent subsequent pressure to the frontal aspects of the telencephalon caused a dome-shaped appearance of the cerebral cortex at the E18.5 stage of mutants, despite the increased cerebral cortex thickness (Fig. 1c) . The cerebral cortex was extended in the telencephalon region at the E14.5 and E18.5 stages (data not shown). Importantly, similar aberrant anatomy of the cortex and lateral ventricles have been described for neonatal ZS patients (Nakai et al., 1995) . These findings of a significant alteration in brain morphology in the PEX13 brain mutant, suggest a defect in brain development, either as a defect in cell proliferation, differentiation, migration or cell death.
Impaired neurogenesis
To assess proliferative cells during early embryonic stages, the neuroepithelium of the neocortex (VZ) was selected. For analysis of late embryonic and postnatal stages, two neurogenic zones-the SVZ and the DG-were selected. Within the SVZ, the dorsal roof of the SVZ (drSVZ) and the dorso-lateral SVZ (dlSVZ) were selected for progenitor proliferation analysis at later ages. The drSVZ is a region with a heterogeneous population of predominantly proliferating glia. The dlSVZ is a region of predominantly proliferating neuronal progenitors. Analyses were first undertaken for cells in the entire region encompassed by the ventricular zone (VZ), the sub-ventricular zone (SVZ), the intermediate zone (IZ) and the cortical plate (CP). Separate measurements were also carried out on the VZ for early embryonic stages and SVZ for late embryonic and postnatal stages as these represent active neurogenic pools of differentiating and migrating cells (Altman, 1969; Lois and AlvarezBuylla, 1994; Doetsch and Alvarez-Buylla, 1996; Paridaen and Huttner, 2014; Taverna et al., 2014) . This analysis was carried out using the cell proliferation marker 5-ethynyl-20-deoxyuridine (or EdU) (Chehrehasa et al., 2009) , which tags cells in the S-phase of the cell cycle. Tissues were harvested 4 h post-EdU injection. The EdU data were validated with immunofluorescence labelling for Ki67, a transcription factor that is expressed in all active phases of the cell cycle (Gerdes, 1990) .
We carried out these analyses at stages E12.5 and E14.5 (where neurogenesis is at its peak), E18.5 (end of neurogenesis) and at P0 (early postnatal stage) (Bayer et al., 1991) (Fig. 2a) .
Our analyses included counting the number of cells that were: 1) EdU+ (as a measure of the number in S-phase, or DNA synthesis), 2) Ki67 + (at any active stage in the cell cycle, or proliferation phase), 3) EdU+/Ki67 − cells (that underwent DNA synthesis but which have exited the cell cycle 4 h later, 4) EdU +/Ki67 + (those in both DNA synthesis and proliferation phases), and 5) EdU −/Ki67 + (those that have not undergone DNA synthesis but are in the proliferation phase).
The results obtained for the mutants showed a substantial decrease in the relative number of cells that were undergoing proliferation, as measured by both EdU and Ki67 labelling across the entire VZ-CP region at all stages tested (Fig. 2b-c) . In addition, for the mutants, many more of the cells that were EdU labelled were Ki67 negative at the VZ (see Supplementary Fig. S1 ), indicating that these cells had initiated proliferation, but had prematurely exited the proliferation cycle.
Proliferating cells in the VZ divide asymmetrically to produce intermediate progenitors that migrate towards the next proliferating zone, the SVZ (Zecevic et al., 2005; Haubensak et al., 2004; Noctor et al., 2004) . In addition, the SVZ continues neurogenesis at later embryonic stages (Zecevic et al., 2005; Haubensak et al., 2004; Noctor et al., 2004) . To provide a measure of cell proliferation at the late E18.5 embryonic and P0 postnatal stages, EdU+ and Ki67 + cells were counted in the dlSVZ (where the predominant pathway is proliferation of neuronal progenitors into neuroblasts) and in the drSVZ (proliferation of glial from radial glial daughter cells). By the E18.5 and P0 stages, wild-type mice showed significant numbers of dividing progenitors (EdU labelled) in the drSVZ and dlSVZ (Fig. 2c, g ). Neuronal progenitor proliferation at the dlSVZ is also illustrated at higher magnification of dotted boxes in panel B as Fig. 2g . In contrast, PEX13 brain mutant had reduced numbers of EdU+ and Ki67 + cells in both the drSVZ and dlSVZ regions (Fig. 2c, g ). This finding points to a significant decrease in cell proliferation in the mutant brain. Overall, these results show a reduction in cell genesis, either due to a reduction in the population of dividing progenitors, or to protracted cell cycle periods or intermediate progenitor migration. These findings are consistent with the smaller brains of the PEX13 brain mutants.
The second part of these analyses focused on the dentate gyrus (DG) region of the hippocampus, another neurogenic zone in the adult brain where progenitors undergo division, differentiation and migration (Altman, 1963; Altman and Bayer, 1990) . We investigated neurogenesis using the EdU/Ki67 double labelling approach as before. In comparison to wild-type mice, PEX13 brain mutants showed significantly lower numbers of EdU + cells, Ki67+ cells, and EdU+/Ki67 + cells in the DG at P0 (Fig. 3a-d) , indicating substantially reduced cell genesis and/ or cell proliferation.
Altered neurogenesis and gliogenesis at sequential developmental timepoints (a) Altered neuronal differentiation
Progenitors undergo mitosis at the VZ to generate intermediate progenitors which then migrate from the ventricular surface to the SVZ.
In the SVZ, further division results in the generation of pairs of intermediate progenitors or nascent neurons, which migrate to their final positions (Noctor et al., 2004; Haubensak et al., 2004; Taverna et al., 2014) . Projection neurons in the cerebral cortex are produced and differentiate in the ventricular zones and migrate radially to the overlying cortical plate (Kowalczyk et al., 2009) . Cortical interneurons are produced at the ganglionic eminence and then migrate tangentially to the cortex (Tamamaki et al., 1997) . The data for EdU labelling and EdU/Ki67 co-labelling for the PEX13 brain mutants presented in Fig. 2 indicates reduced cell proliferation and a reduction in the number of cells that undergo further differentiation in the SVZ. The data for EdU labelling and EdU/Ki67 co-labelling presented in Fig. 2 suggest that PEX13 brain mutants have reduced cell proliferation and a reduction in the numbers of cells that are undergoing further differentiation in the The cerebral cortex was variable in thickness in the embryonic stages, but was reduced in thickness at birth (P0). Ant, anterior telencephalon; BM, PEX13 brain mutant; Md, midbrain; Cb, cerebellum; CTX, cerebral cortex; GE, ganglionic eminence; LV, lateral ventricles; nCX, Neocortex; Ob, olfactory bulb; SVZ, subventricle zone; VZ, ventricles zone; WT, wild-type. Data represent mean ± SEM for 3 animals for both WT and PEX13 brain mutant mice.
⁎ p < 0.05, ⁎⁎ p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) 16-32 SVZ. In this next approach, we co-immunolabelled coronal sections (Fig. 4a) for Tuj-1 (using β-III tubulin antibody), an early marker of differentiating and mature neurons (Brazelton et al., 2000) , in combination with EdU labelling, to label neurons that have arisen from intermediate progenitors.
Analysis of wild-type mice demonstrated the expected pattern of (caption on next page) R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) 16-32 Tuj-1 immunostaining from E12.5 to P0 (Fig. 4b, c) (Sakurai et al., 2006; Nishino et al., 2013; Iwashita et al., 2014) . For the mutants, we demonstrated a reduced number of Tuj-1 + cells (and reduced Tuj-1 fluorescence per cell) in mutant brain at all stages tested (Fig. 4b, c) : at the E12.5, E14.5 and E18.5 stages, the number of Tuj-1 + cells was approximately 70% of that for wild-type mice, and declined to 55% at the P0 stage (Fig. 4c, d ). In the SVZ area, intermediate progenitors generate cortical neurons largely through symmetrical, and to a lesser degree through asymmetrical mitosis (Noctor et al., 2004; Haubensak et al., 2004; Gal et al., 2006) . Compared to wild-type mice, the mutants showed a progressive decline in the number of EdU+/Tuj-1 + cells in the SVZ/IZ area from E12.5 to the P0 stage (Fig. 4c, e We have previously reported that PEX13 brain mutants display a neuroinflammatory phenotype at postnatal stages (Muller et al., 2011; Rahim et al., 2014) . To determine whether the observed changes to neuronal differentiation in these mutants were associated with glial proliferation/reactive gliosis in early neurodevelopment, we carried out cell-specific immunofluorescence analyses of the SVZ from stages E12.5 through to P0 to detect glial fibrillary acidic protein (GFAP), an established marker of astrocytes (Eng et al., 2000; Norazit et al., 2011) , and ionized calcium binding adapter protein 1 (Iba-1), a microglial marker (Norazit et al., 2011; Ito et al., 1998) , in combination with EdU labelling.
Normally, gliogenesis arises late in embryogenesis (around the E17 stage) and persists beyond postnatal stages to adult brain, with low, ongoing generation of both astrocytes and oligodendrocytes (Rowitch and Kriegstein, 2010; Guerout et al., 2014; Molofsky and Deneen, 2015) . At the E12.5 stage, the number of (GFAP +) astrocytes was low for both wild-type and PEX13 brain mutant mice (Fig. 5b, c) . Astrocytes were first readily apparent in the wild-type mice at the E18.5 stage (Fig. 5b, c) , but for the mutants were readily detectable by the E14.5 stage, and by E18.5 displayed thickened processes at the meninges (Fig. 5d ). This higher GFAP staining persisted up to P0 for the mutants (Fig. 5b) . We also calculated the number of cells that were positive for both GFAP and EdU (GFAP +/EdU + cells): the mutants showed a significant increase in such cells from E18.5 through to P0 (Fig. 5b, c) , consistent with increased proliferation of astrocytes at these later stages.
Findings similar to those for astroglia were observed for microglia. The mutants exhibited progressively higher numbers of cells with Iba-1 immunofluorescence across all stages investigated, E12.5 to P0 (Fig. 6b,  c, d ). To assess microglia proliferation during these development stages, we counted the number of cells that were positive for both EdU and Iba-1 (EdU +/Iba-1 + cells) in the SVZ. The results (Fig. 6c, e) indicated a significant increase in the number of these cells for the mutants, reaching a maximum 3-fold relative increase at P0. In situations of impaired neurogenesis or increased apoptosis, microglia migrate to and proliferate at the SVZ (Arno et al., 2014) . We observed such an effect for the PEX13 brain mutants, with most microglia, especially at P0, found to be concentrated around the SVZ, but also at other sites (Fig. 6b) . This increased localisation to the proliferating zone suggests a response to increased apoptosis. Together with the results above, this suggests there was decreased neuronal differentiation and increased glial proliferation.
Phagocytosis of apoptotic or neuronal debris is crucial to reduce inflammation and maintain healthy neuronal networks (Kettenmann et al., 2011) , with microglia-mediated phagocytosis an established event in chronic inflammatory neurodegenerative disorders (Norazit et al., 2011; McArthur et al., 2010; Fuller and Van Eldik, 2008) . Glialmediated phagocytosis of apoptotic cells is assumed to be a highly important and effective process required to enable brain development Chan et al., 2001) . For the PEX13 brain mutants, most microglia, from the E12.5 stage, showed a macrophage morphology (Norazit et al., 2011 ) which included enlarged cell bodies (Fig. 6c, left panel magnified views) . These results are consistent with ⁎ p < 0.05, ⁎⁎ p < 0.01, ⁎⁎⁎ p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . PEX13 deficiency leads to reduced cell proliferation in the dentate gyrus. Stem and progenitor proliferation in DG was analyzed by EdU labelling (green), and validated using immunofluorescence for Ki67 (red) on coronal sections from P0 mice. DAPI was used to label cell nuclei. (a) Progenitor proliferation in the dentate gyrus (DG) of the hippocampus assessed by sampling the region demarcated by the dotted line. Scale bar 100 μm. R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) 16-32 reactive microgliosis occurring during early embryonic brain development in the mutant and becoming more pronounced by postnatal stage P0, where more microglia exhibited an activated morphology and were interacting and phagocytosing neural progenitors and apoptotic cells (Fig. 6c , far right panel magnified view). Given our observations of reactive gliosis in early developmental stages of PEX13 brain mutants, we looked for glial-mediated phagocytosis in these studies as a possible corrective mechanism for the abnormal neurodevelopmental processes occurring, and also because we observed large numbers of potentially apoptotic EdU labelled cells being phagocytosed by activated microglia (see Supplementary Fig. S2 ). These analyses were consistent with increased rates of microgliamediated phagocytosis.
Similar to what was seen for the SVZ, analysis of the dentate gyrus demonstrated higher numbers of activated (GFAP-positive) glia and (Iba-1-positive) microglia for the PEX13 brain mutants ( Supplementary  Fig. S3 ).
Aberrant cell migration
Cell migration is a vital process of neurodevelopment that follows cell differentiation. In the VZ, progenitors divide into intermediate progenitors and migrate towards the SVZ to establish a second zone where cells again divide, differentiate and migrate to further destinations (Marin and Rubenstein, 2003; Hatten, 1999) . In early embryonic stages, intermediate progenitors, glia and projection neurons migrate radially from ventricular zones to the cortex wall (Parnavelas et al., 2000; Parnavelas et al., 2002) . The cortical interneurons produced at the ventral telencephalon (ganglionic eminence) migrate tangentially into the cerebral cortex layers (de Carlos et al., 1996; Marin and Rubenstein, 2003; Anderson et al., 1997) . At postnatal stages, neuroblasts (which differentiate into interneurons) are generated at the dorso-lateral SVZ (dlSVZ) and migrate tangentially to the olfactory bulb via the rostrocaudal stream (Luskin, 1993) .
During postnatal stages, progenitors remain active in neurogenic areas such as the lateral ventricles and the dentate gyrus where they divide into new interneurons throughout adult life (Endaya et al., 2016; Alvarez-Buylla and Lim, 2004; Zhao et al., 2008) .
Given the results reported above of modified proliferating cells distribution at the P0 stage, we investigated the process of migration using EdU-based experiments of coronal brain sections in two groups of animals: (1) P0 pups injected with EdU (50 mg/kg i.p.) and sacrificed 4 h later (designated P0 stage), and (2) P0 pups injected on the day of birth and sacrificed 3 days later (designated P3 stage) (Fig. 7a) . To calculate the number of cells (intermediate progenitors and glia) migrating from the dorsal roof of the SVZ (drSVZ) towards the cortex, the sampling region was selected from drSVZ to IZ and for the analyses of other group of cells (neuroblasts), the dorso-lateral SVZ (dlSVZ) region was selected during P0 to P3 stages.
In comparison to wild-type mice, the mutants showed reduced numbers of EdU + cells, especially at the IZ (panel c) at the P0 stage (Fig. 7c) . Similar findings were obtained at the P3 stage (Fig. 7d) . Using DIC microscopy, we also demonstrated a significant reduction in cell density across the entire SVZ/IZ region for the mutants (Fig. 7d) . Wildtype mice had a large number of EdU + cells in both the drSVZ and IZ (Fig. 7d, f) , consistent with active cell genesis in the dlSVZ (Fig. 7e, f) and subsequent migration to their final location through radial or tangential migration. In contrast, EdU analysis showed that the mutants had far fewer EdU+ cells in the drSVZ, and even less in the IZ. Similarly, there was a significant reduction in the number of EdU+ cells at the dlSVZ. Analysis of the ratio of cells in the IZ compared to the SVZ indicates a much lower ratio for the mutants, which may suggest decreased migration of EdU + cells from the SVZ to IZ during the P0-P3 interval.
During early postnatal stages, division of radial glial cells declines and the population of intermediate progenitors is reduced to nominal numbers, such that only radial glial daughter cells are present at the SVZ, with these being converted to glia and ependymal cells (Götz and Huttner, 2005) . Given this, the number of EdU+ cells at the drSVZ region seen here may be inferred to represent predominantly proliferating glia and a few projection neurons (which contribute to developing the cerebral cortex superficial layer). On the other hand, the number of EdU + cells at the dlSVZ comprise a population of neuroblasts, which further migrate tangentially towards the olfactory bulb and differentiate into interneurons (Wichterle et al., 1997) . Thus the above data may suggest reduced cell proliferation and migration from the drSVZ to the cortex in PEX13 brain mutants, and reduced generation of neuroblasts at the dlSVZ, indicating decreased overall neuronal progenitor proliferation.
We also investigated the process of migration of cortical neurons towards the cortical plate. For this analysis, two pregnant dams were injected with EdU on two consecutive days (E12.5 and E13.5 stages), and harvested at the P15 stage to assess neuronal survival and integration. The region encompassing the cortex was divided into 6 similar width layers (designated a-f) (Fig. 7g) and the number of cells in each layer counted to provide an estimation of the cell profile across this entire region.
Compared to wild-type mice, where EdU + cells were concentrated towards the upper field of the cortical region, EdU+ cells in the mutants were distributed more within the deep layers of the cortex (Fig. 7g, h ), consistent with a migration defect in these cells. Our finding is consistent with our previous report of abnormal lamination of the cerebral cortex in PEX13-null mice, and potentially provides a mechanism for the observed cell distribution pattern (high densities around the ventricles) in ZS patients (Nakai et al., 1995) .
Aberrant developmental sequences: defective serotonergic specification and integration
We recently reported on significant reduction in tph2 gene expression and changes to the serotonergic system in postnatal PEX13 brain mutant mice (Rahim et al., 2014) . Tph2 is the rate limiting enzyme of serotonin (5-hydroxytryptamine, or 5-HT) biosynthesis and extensive data supports morphogenic effects of 5-HT on proliferation, differentiation, resettlement, and endurance of cells (Gaspar et al., 2003) . 5-HT appears earlier than maturation of raphe serotonergic neurons, signifying a fundamental role in embryonic brain development as well as the specific development and maturation of the serotonergic system per se.
To evaluate serotonergic neurogenesis and cell specification at relevant postnatal stages, we used three experimental approaches, noting that the ventralisation and lineage commitment (specification) to the two midbrain nuclei, the raphe nucleus and the substantia nigra/ventral tegmental area, occur at the ventral mesencephalon immediately rostral to the isthmic organizer (isthmus), and occurs at E11-E13 in the mouse embryo.
In the first approach, serotonergic cell genesis was assessed by short term EdU injection at the E12.5 stage, with tissues harvested after 4 h to assess the dividing cell population that gives rise to serotonergic neurons. In the second approach, embryos labelled with EdU at E9.5 and E10.5, to label all rostral and most of the caudal (r1-r8) serotonergic cells (in mice, progenitors give rise to serotonergic neurons in the ventral rhombo-cephalon between E9.5-E11.5 stage) (Deneris and Wyler, 2012) were harvested, following specification, at P0. In the third experimental approach, EdU was injected on two consecutive days (E12.5 and E13.5 stages) and harvested at the P15 stage (to assess the "adult" phenotype). Tissues were assessed with EdU-labelling, in combination with NeuN (a marker of mature neurons), and TPH2 (serotonergic neurons), to quantify serotonergic specification in the normal and PEX13 genotypes.
On harvesting of tissues following EdU injection at the E12.5 stage (4 h post EdU injection), neither wild-type nor mutant mice showed (caption on next page) R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) 16-32 Tph2-immunolabelled cells that were also labelled with EdU ( Fig. 8b  (i) ), consistent with cessation of serotonergic cell genesis by E12.5 (Deneris and Wyler, 2012) . A reduced number of serotonergic neurons were seen in the mutants in the isthmus region (Fig. 8b(i) ), as well as a reduced number of EdU+ cells, indicating an overall reduction in cell genesis at the isthmus region.
To analyse serotonergic cell specification, progenitor cells of serotonergic neurons in the ventral rhombo-cephalon were EdU-labelled by EdU injection on two consecutive days, E9.5 and E10.5, and tissue harvested from the isthmus region and analyzed at P0. Coronal sections were fluorescently labelled with EdU and anti-Tph2 immunofluorescence was used to identify serotonergic cells. The number of EdU + cells was reduced 3-fold in the mutant mid-brains compared to the wild-type brains (Fig. 8b(ii, iii) , c), indicating reduced overall cell genesis in the mutants. For the wild-type animals, all Tph2 + cells in the isthmus region were also EdU + (Fig. 8b(ii, iii) , d), consistent with all serotonergic neurons generated by progenitor cells at the E9.5-E10.5 stages migrating to their location in the isthmus. In contrast, the mutants showed the expected reduction in the number of Tph2 + cells, but also a reduction in the number of Tph2 +/EdU + cells (Fig. 8b(ii, iii) , d). These reduced Tph2 cell numbers were also reflected in the total cell numbers detected using DAPI staining (Fig. 8b  (ii, iii) ).
To assess serotonergic cell specification, we also measured the number of Tph2 + cells that were also immunolabelled for NeuN, a marker of mature neurons (Sarnat et al., 1998) . The mutants had approximately 30% less Tph2 +/NeuN+ cells than wild-type mice (Fig. 8e, f) , consistent with reduced specification and survival of mature serotonergic neurons, and consistent with our previous report of reduced serotonergic cell numbers in the PEX13 mutant brain (Rahim et al., 2014) .
Increased cell death
To determine if apoptosis is associated with these changes, we also immune-labelled the isthmus region with an antibody to cleaved caspase-3, a validated marker of cells undergoing programmed cell death (Nicholson et al., 1995) .
For wild-type mice at the E12.5 and E14.5 stages there were very few apoptotic cells detected, whereas we observed an approximate 7-fold relative increase in the number of CC3 + cells for the mutants, with a high proportion of CC3+ cells also EdU labelled (Fig. 9a, b, c) . At the E14.5 stage of mutants, and specifically in the isthmus region, we detected a significant increase in the number of CC3+ cells clustered in the vicinity of the Tph2 + cell population (Fig. 9a, b) . These results are consistent with apoptosis concomitant with abnormal neurogenesis in the mutants.
Discussion
These investigations on PEX13 brain mutant mice have provided a number of findings that indicate significant neurodevelopmental abnormalities that may underpin the molecular neuropathology of these animals and by inference the processes occurring in ZS.
Firstly, we demonstrate gross morphological anomalies that first appear at early embryonic stages. The most pronounced changes were enlargement of the most frontal aspects of the cortex, smaller olfactory bulbs, and enlarged and dilated lateral ventricles, all of which persisted after birth. Importantly, similar morphological defects have been observed for neonatal ZS patients (Nakai et al., 1995) , suggesting that the PEX13 brain mutants are modelling changes seen for ZS patients. We also observed cortical disorganization, including irregular thicknesses along the mediolateral axis of the neocortex, which suggests defective organization of the anterior telencephalon area. We previously reported on abnormal cortical lamination for PEX13 null mice (Maxwell et al., 2003) , and similar cyto-architectural defects in the cerebellum and cerebral cortex have been observed for PEX2-null mice (Faust et al., 2005) . Our previous findings suggested that there were no gross phenotypic differences between mutant and control mice when the mass of the brain was measured at P0 (Muller et al., 2011) . This current work however, demonstrate that the brains of mutant mice at P0 are smaller when measured along the longitudinal axis, than the brains of control mice. This inconsistency may be attributed to the difference in technique for measuring the brain. Secondly, we established that PEX13 deficiency results in a modulatory effect on the proliferation of progenitors at the SVZ and DG neurogenic zones, and concomitant reduction in the number of differentiated neurons-these changes were specifically exemplified by the loss of differentiation of serotonergic neurons. These findings are potentially due to a decline in the population of progenitor cells in these neurogenic pools, defects in cell division or differentiation, or increased, premature proliferation of glia.
Thirdly, the PEX13 brain mutants display a defect in the migration of differentiating neurons to the cerebral cortex, consistent with previous studies of PEX knockout mice (Baes et al., 1997; Faust, 2003; Faust and Hatten, 1997; Maxwell et al., 2003) .
Fourthly, we demonstrate that PEX13 deficiency results in increased reactive gliosis that commences during early embryonic stages and persists postnatally.
Defective proliferation, differentiation, and migration
Our findings suggest that PEX13 deficiency during embryonic development causes reduced progenitor proliferation and differentiation into mature neurons and the migration of intermediate progenitors from the VZ to their expected locations in the SVZ/IZ zone. We observed that most progenitor cells remained in the S-phase cycle at VZ, with few cells generating intermediate progenitors that migrated from the VZ to the SVZ. Given that the SVZ/IZ represent zones from which post-mitotic neurons migrate radially to the cortex, these findings correlate with previous reports of migration defects in the granule cell layer and abnormal Purkinje cell differentiation in cerebellum (Muller et al., 2011; Faust, 2003) and abnormal lamination of the cerebral Fig. 7 . PEX13 brain mutants show aberrant SVZ cell migration. (a) EdU labelling experimental strategy for migration analysis: BM dams were injected with EdU at P0 with 2 litters sacrificed at P0, (strategy I) and two harvested at P3 (strategy II). BM dams were injected at E12.5 and E13.5 (to maximize cell labelling) and the litters harvested at P15 (strategy III). (b) Image indicating migratory pathways of progenitors from the SVZ at postnatal stages P0-P3. White arrows indicate radial migration of projection neurons towards the cortex and glial cell migration to the cortex pallium surface and the striatum. Red dots indicate tangential migration (perpendicular to the plane) of neuronal progenitors from the dorso-lateral SVZ (shown by the green line) and towards the olfactory bulb through the RMS pathway. The sampling regions included the dorso-lateral SVZ (dlSVZ) and dorsal roof of the SVZ (drSVZ) (dotted boxes). LV, lateral ventricle. (c) Higher magnification views of stem and neuronal progenitor proliferation in the SVZ region in the P0 brain; black arrow indicates the direction of progenitor migration. The sections were labelled with EdU (green), Ki67 (red), and DAPI (blue). In the PEX13 brain mutant, a marked lack of Ki67 labelled cells was noted in the IZ regions, with the majority being located in the SVZ (P0 stage). (d) At P3, similar areas (drSVZ and dlSVZ) were observed for cell migration. EdU labelled cells had migrated from the SVZ into the IZ region in the WT brain, whereas few EdU labelled cells had been produced and migrated out of the SVZ in the PEX13 BM mice. Immunofluorescence and DIC microscopy revealed significant reductions in two types of spherical cells (i.e. proliferating glia and post mitotic migrating neurons) in the SVZ of the mutant mice. (e) Neuronal progenitor proliferation and migration at dorsal lateral SVZ. (f) The relative number of EdU+ cells at SVZ and IZ was significantly lower for PEX13 brain mutants. (g) Reduced cortical cell/progenitor migration in the mutants with proliferating cells labelled at E12.5 and E13.5 and quantified at P15. For this analysis, arbitrary-sized consecutive regions (a-f) were selected for cell counting. The black arrow (at right) indicates the direction of normal neuronal migration. (h) The proportion of EdU+ labelled cells for the selected regions a-f indicates migration towards the cortical plate which is markedly reduced in the BM mice. Scale bars, 50 μm. BM, PEX13 brain mutant; WT, wild-type. Data represent mean ± SEM (n = 3 animals for each group). ⁎ p < 0.05, ⁎⁎ p < 0.01, ⁎⁎⁎ p < 0.001, N.S., not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) 16-32 cortex in PEX2, PEX5 and PEX13 mutants (Faust and Hatten, 1997; Faust, 2003; Krysko et al., 2007; Maxwell et al., 2003) . Delayed neuronal migration has been observed in patients across the ZS spectrum as well as for patients with D-bifunctional protein deficiency, who have a similar phenotype to ZS patients (Powers et al., 1985) . Given our recent report of significant abnormalities with the serotonergic system in PEX13 brain mutants (Rahim et al., 2014) , we also investigated this specific system in the context of the general changes to (caption on next page) R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] neurogenesis and cell migration. The results demonstrate that PEX13 deficiency also affects early development of the serotonergic system. We observed reduced genesis and delayed migration of serotonergic cells and a concomitant increase in the number of apoptotic serotonergic cells in the vicinity of the midline of the isthmus area of mutants, which we again interpret as suggesting accelerated rates of apoptosis as a result of delayed migration and improper positioning. Serotonin (5-HT) is considered an important regulator of morphogenetic activities during early CNS development as 5-HT neurons are among the first neurons to emerge and 5-HT plays major roles in more global cell proliferation, migration, and differentiation (Lauder and Bloom, 1975; Gould, 1999; Buznikov et al., 2001) . In mice, brain serotonin deficiency affects the postnatal development of neuronal circuitry (Migliarini et al., 2013) , and even minor fluctuations in 5-HT synthesis and distribution in the brain are closely linked to variations in neurogenesis and proliferation at neurogenic areas in adult rat brain (Brezun and Daszuta, 1999; Azmitia, 2001) . Thus it is possible that the serotonin deficiency seen in the PEX13 brain mutants exacerbates the neurodevelopmental defects.
The potential impacts of gliosis
In ZS patients, pronounced neuroinflammation has not yet been reported, however demyelinating lesions of immature white matter with mild astrogliosis and sudanophilic macrophages have been observed (Wisniewski et al., 1989) . In addition, abnormal pleomorphic cytosomes with variable lipid content have been detected in astrocytes, oligodendrocytes, immature neurons, neuroblasts and radial glia of ZS abortuses Wisniewski et al., 1989) .
In contrast, PEX5-null mice (Bottelbergs et al., 2010) and mice with brain restricted PEX5 and PEX13 deletion (Muller et al., 2011; Rahim et al., 2014; Hulshagen et al., 2008) exhibit pronounced neuroinflammation. The involvement of pronounced astrogliosis has been observed in a diverse range of neurodevelopmental disorders (Ge et al., 2012; Stipursky and Gomes, 2007) and linked with altered growth of neuronal populations during neurodevelopment (Ge et al., 2012) . The findings for the PEX13 brain mutants of increased reactive gliosis at early neurodevelopmental stages may presage an adverse effect on neurogenesis and constrain differentiation of progenitors into neurons in later neurodevelopmental stages, as has been shown in other conditions (Wilhelmsson et al., 2012) .
Microglia play important roles in modulating neurodevelopmental events such astro-genitor viability, cell proliferation, differentiation and migration (Sierra et al., 2010) . Unlike astroglia, microglia do not differentiate from progenitors. Instead, they are generated from the yolk sac at the E8-E10 stage (McGrath et al., 2003) and accumulate in meninges and forebrain prior to neurogenesis, before invading the cortical wall and migrating towards the VZ/SVZ area of the developing cortex into which they seed and proliferate (Alliot et al., 1999; Rezaie and Male, 1999) . Compared to wild-type animals, PEX13 brain mutants had increased number of activated microglia (macrophage) around the proliferating zone and marginal zone/meninges, which suggests increased microglial proliferation and activation in neurogenic areas. As microglia are known to be activated under two conditions-when there Fig. 8 . PEX13 deficiency affects the early development of the serotonergic system (raphe nucleus). (a) To establish cell fate of ventral progenitors of serotonergic neurons in the isthmus region, dams were injected with EdU at E9.5 plus E10.5 and the brains harvested for analysis at birth (P0) (strategy I) or injected at E12.5 plus E13.5 and the brains harvested for analysis at 15 days post-partum (P15) (strategy II). The pups were sacrificed (S) and immuno-labelled for TPH2, a marker of differentiated serotonergic neurons. b (i) The neurogenic region of the isthmus, which gives rise to monoaminergic neurons, including the serotonergic neurons of the raphe nucleus, were identified at E12.5 using a pulse of EdU prior to tissue harvest and subsequent EdU (red) labelling and immune-labelling for TPH2 (green). Scale bar, 200 μm. (b) (ii) Low power images of the serotonergic cell population in the isthmus at the P0 stage, with the dorsal raphe nucleus (DRD) and reticular tegmental nucleus of the pons (RtTg) regions demarcated by the white rectangles. Scale bar, 500 μm. R.S. Rahim et al. Molecular and Cellular Neuroscience 88 (2018) 16-32 is a reduction of neurogenesis or dysfunction of the neurotrophic system (Kobayashi et al., 2013; Liao et al., 2012) , and when protection of neurons is required (Beschorner et al., 2007) -these findings are consistent with pronounced disturbance of neurogenic pathways for the mutants. Microglial phagocytosis of apoptotic or degenerated neuronal debris is crucial to reduce inflammation and maintain healthy neuronal networks in brain microenvironments (Block et al., 2007) .
For PEX13 brain mutants, these rates of apoptosis and microglial phagocytosis were significantly higher than normal, indicating involvement of microglia in early neurodevelopmental cellular death and neuroinflammation. In this regard, findings from mice with brain PEX5 deficiency have demonstrated that neuroinflammation appears before axonal degeneration (Bottelbergs et al., 2012) , which suggests a primary involvement of neuroinflammation in the neuropathology of these animals.
Overall, the findings from these investigations suggest that PEX13 deficiency in brain leads to aberrant neurodevelopmental changes, and associated gliosis during early central nervous development. These abnormalities provide a potential explanation of the neurodevelopmental deficits and gross brain dysmorphology observed for brains of postnatal PEX13 brain mutants.
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